Angiogenesis was identi®ed as an early consequence of myc gene overexpression in two models of retroviral lymphomagenesis. Avian leukosis virus (ALV) induces bursal lymphoma in chickens after proviral c-myc gene integration, while the HB-1 retrovirus carries a v-myc oncogene and also induces metastatic lymphoma. Immunohistochemical studies of the eects of increased cmyc or v-myc overexpression revealed early angiogenesis within myc-transformed bursal follicles, which persisted in lymphomas and metastases. Abnormal vessel growth was consistently detected within 13 days after transplantation of a few myc-overexpressing progenitors into ablated bursal follicles, suggesting that these angiogenic changes may support the initial expansion of tumor precursors, as well as later stage lymphomagenesis. Conditioned media from myc-overexpressing B cell lines promoted proliferation of vascular endothelium in vitro, while media from B cells expressing low myc levels showed little eect. Moreover, ectopic myc overexpression in the low myc B cell lines increased production of the endothelial growth activity, indicating that myc induces secretion of angiogenic factors from B cells. These ®ndings demonstrate that myc overexpression in lymphocytes generates an angiogenic phenotype in vitro as well as in vivo.
Angiogenesis was identi®ed as an early consequence of myc gene overexpression in two models of retroviral lymphomagenesis. Avian leukosis virus (ALV) induces bursal lymphoma in chickens after proviral c-myc gene integration, while the HB-1 retrovirus carries a v-myc oncogene and also induces metastatic lymphoma. Immunohistochemical studies of the eects of increased cmyc or v-myc overexpression revealed early angiogenesis within myc-transformed bursal follicles, which persisted in lymphomas and metastases. Abnormal vessel growth was consistently detected within 13 days after transplantation of a few myc-overexpressing progenitors into ablated bursal follicles, suggesting that these angiogenic changes may support the initial expansion of tumor precursors, as well as later stage lymphomagenesis. Conditioned media from myc-overexpressing B cell lines promoted proliferation of vascular endothelium in vitro, while media from B cells expressing low myc levels showed little eect. Moreover, ectopic myc overexpression in the low myc B cell lines increased production of the endothelial growth activity, indicating that myc induces secretion of angiogenic factors from B cells. These ®ndings demonstrate that myc overexpression in lymphocytes generates an angiogenic phenotype in vitro as well as in vivo. Oncogene (2000) 19 2780 ± 2785.
Keywords: angiogenesis; lymphoma; c-myc; v-myc oncogene; avian retrovirus Angiogenesis or neovascularization is essential to support the growth of tumors and their expansion beyond 1 ± 2 mm diameter (reviewed by Hanahan and Folkman, 1996) . The stage at which this angiogenesis is initiated varies in dierent tumor models. For example, transgenic mice expressing the SV40 T antigen or HPV E6 oncoproteins undergo a distinct angiogenic switch activated after initial hyperplasia (Hanahan and Folkman, 1996) . Tumor cells implanted into rodents often show reduced vessel density within a necrotic core, with hypoxia-driven angiogenesis arising at the tumor rim at later stages to rescue tumor growth (Holash et al., 1999) . However, angiogenesis can also be induced at early stages of tumor formation, as tumors derived by implanting cell lines expressing oncogenes such as ras (Kerbel et al., 1998) or jun (Kraemer et al., 1999) into rodents are richly vascularized within a short time, suggesting that the particular angiogenic program observed may be in¯uenced by factors such as the type of oncogene or tumor involved.
We used two retroviral models to determine whether and when an angiogenic program is involved in the generation of lymphomas involving c-myc gene overexpression. Avian leukosis virus (ALV) infection of chick embryos induces bursal lymphomas arising from rare bursal progenitors carrying proviral integrations within the c-myc proto-oncogene (reviewed by Neiman, 1994) . The ®rst visible alteration is the appearance of 5 ± 50 preneoplastic transformed follicles among the 10 000 bursal follicles within weeks after infection, each populated by cells having clonal proviral c-myc integrations (Ewert and deBoer, 1988) . These myc-transformed follicles stain dierentially with methyl green pyronin (MGP), indicating increased ribonucleoprotein content, which provides a useful histological marker for their identi®cation (Cooper et al., 1968) . Transformed follicles grow more rapidly than normal follicles, and often form bursal lymphomas and metastases that are fatal within a few months. An HB1 v-myc-containing retrovirus can also be used in a bursal transplantation model to eciently induce transformed follicles and tumors (Neiman et al., 1985) . While most studies of tumor angiogenesis have focused on solid tumors, recent evidence suggests that angiogenesis also occurs in hematopoietic malignancies including non-Hodgkins lymphomas and leukemias (Perez-Atayde et al., 1997; Vacca et al., 1999) . The unique anatomical arrangement of myc-transformed follicles and their clonal origin allowed us to identify abnormal vessel growth as a very early consequence of myc overexpression in bursal lymphocytes. This early angiogenic phenotype could make an important contribution to the rapid tumorigenesis induced by myc gene overexpression. myc transformed follicles show an abnormal vascular pattern Transformed follicles were identi®ed from 35-day-old birds infected with ALV as day 10 embryos, by sampling bursal cryosections every 450 mm, and scanning for follicles showing dierential pink MGP staining ( Figure 1a ). All lymphocytes within transformed follicles express high c-myc protein levels ( Figure 1b) relative to surrounding normal follicles (Figure 1c) , revealed by immunohistochemical staining of adjacent cryosections with myc antisera. This consistent myc overexpression within transformed follicles re¯ects the clonal expansion of a progenitor carrying a proviral c-myc gene integration (Ewert and deBoer, 1988) .
MGP staining of transformed follicles revealed empty spaces that were not seen in normal bursal follicles (Figure 1a ), which could represent blood vessel lumens. The vascular pattern in these follicles was examined by immunohistochemical staining of adjacent sections with von Willebrand factor (vWF) antisera, which stains the factor VIII-related vascular endothelial marker. The vWF antisera demonstrated a disorganized array of vessels distributed throughout transformed follicles (arrowheads, Figure 1b ), in striking contrast to the organized appearance of small capillaries in normal follicles, which are limited to the basement membrane region separating the cortex and medulla (arrow, Figure 1c ). These distinct vascular patterns were also demonstrated by immunostaining with laminin antisera, which reveals the basement membrane surrounding vessels (arrowhead, Figure 1b ) and the cortico-medullary basement membrane of normal follicles (arrowhead, Figure 1c ). The normal follicles are likely infected with ALV which has not integrated within the c-myc gene (Ewert et al., 1989) , indicating that this neovascularization results from myc overexpression rather than virus infection. Moreover, virus-infected or uninfected bursal follicles show the same normal vascular pattern (data not shown), con®rming that virus infection alone does not in¯uence vessel growth.
The vessels of myc-transformed follicle show enlarged and irregular lumens (Figure 1b , arrowhead) typical of those observed in tumor angiogenesis (Bouck et al., 1996) . It is dicult to quantitate the increase in vessel density in transformed follicles due to their larger size, and the dierent vascular pattern in these follicles.
Nonetheless, transformed follicles show an increased density of enlarged vessels distributed throughout the follicle, a change not observed in normal follicles, indicating that some signal from the c-myc-overexpressing bursal lymphocytes promotes abnormal neovascularization. These changes were consistently observed in over 50 transformed follicles examined, suggesting that angiogenesis is a direct consequence of c-myc overexpression, the only genetic alteration known to be common to transformed follicles at this early preneoplastic stage of tumor induction.
The replication-defective HB1 retrovirus, featuring a nearly wild type c-myc gene fused to the gag gene (Bister et al., 1983) , eciently induces formation of transformed follicles and metastatic lymphomas after infection and transplantation of bursal progenitors (Neiman et al., 1985) , providing a second model to examine myc-induced neovascularization during lymphomagenesis. Embryo bursal progenitors are infected ex vivo by co-cultivation with HB1-producing ®bro-blasts, and injected into recipient day 19 embryos that have been pretreated with cyclophosphamide to ablate endogenous lymphocytes (Neiman et al., 1985) . This strategy minimizes spread of the HB1 virus, which causes high mortality when injected systemically. The resulting v-myc-transformed follicles from 31-day-old birds consistently showed an abnormal vascular pattern similar to that observed with c-myc-transformed follicles, while adjacent bursal follicles repopulated with uninfected progenitors retained the normal pattern of small cortico-medullary capillaries ( Figure  2 ). Extrafollicular bursal lymphomas and liver metastases containing v-myc-overexpressing cells (Figure 2b ) Figure 1 c-myc transformed follicles show an abnormal vascular pattern. Day 10 embryos of the SC or Line 15I 5 67 1 lymphomasusceptible strains were injected with RAV-1 ALV (Gong et al., 1998) , and serial bursal cryosections were sampled from the hatched 35-day-old birds every 450 mm by MGP staining (Cooper et al., 1968) . Paraformaldehyde-®xed and triton-permeabilized sections were immunostained with anity-puri®ed chicken myc antisera (generously provided by Dr R Eisenman (Hann et al., 1983) , with detection using alkaline phosphatase-labeled secondary antibodies (Southern Biotechnology) and Vector Black staining (Vector Laboratories). Formalin and acetone-®xed sections were analysed using vWF (Dako) or laminin (Sigma) antisera. (a) Low power 506 magni®cation photographs showing a large transformed bursal follicle (*) dierentially staining pink with MGP relative to surrounding normal bursal follicles (x). Adjacent sections were immunostained with antisera for myc, vWF, or laminin, and detected by brown staining, followed by methyl green nuclear counterstaining. (b) High power 2006 magni®cation photographs of the transformed follicle shown in a, demonstrating nuclear myc immunostaining of lymphocytes. The vWF and laminin antisera reveal abnormal large vessels (arrowheads). (c) High power 2006 magni®cation photographs of normal bursal follicle shown in a (X), demonstrating low myc levels. vWF and laminin antisera show small capillaries in a wheel-like pattern (arrow) on the corticomedullary basement membrane (arrowhead) of a normal follicle. Scale bars 100 mm also showed irregular and enlarged vessels relative to surrounding uninfected tissue (Figure 2c ). These ®ndings indicate that v-myc overexpression also induces angiogenesis within transformed follicles, which persists in bursal lymphomas and liver metastases.
The HB1 transplantation model introduces one or a few myc-overexpressing progenitors into ablated bursal follicles soon after transplantation, which allows analysis of the timing of angiogenic changes during clonal expansion within these follicles. Transformed bursal follicles were identi®ed at 11 days after hatching by MGP and myc immunostaining (Figure 3 ) when they are only partially repopulated, and of the same small diameter as follicles repopulated by uninfected progenitors (50.2 mm). These transformed follicles showed abnormally enlarged vessels that appear to be migrating throughout the follicle, while follicles repopulated with uninfected progenitors retained the normal pattern of small capillaries con®ned to the cortico-medullary basement membrane (Figure 3c ). The basement membrane of transformed follicles was reduced and stained weakly with laminin antisera relative to that of normal follicles (arrows, Figure  3d ), suggesting that this structure is also altered by myc overexpression. These ®ndings demonstrate that mycoverexpressing lymphocytes induce angiogenesis within 13 days after seeding and partial reconstitution of ablated follicles, indicating that neovascularization is a very early event in these small foci.
myc overexpression in B cells induces secretion of endothelial growth activity
The rapid angiogenic changes observed in myctransformed follicles suggest that this vessel growth is directly induced by the myc-overexpressing lymphocytes. This hypothesis was tested by examining the ability of conditioned media from B cells overexpressing myc to promote growth of human neonatal dermal Figure 2 v-myc transformed follicles, lymphomas and metastases undergo angiogenesis. Donor embryo bursal progenitors were cocultivated with HB1 virus-producing quail embryo ®broblasts and 10 5 cells were transplanted into day 19 cyclophosphamide-ablated recipient embryos (Neiman et al., 1985) . The resulting v-myc transformed follicles, bursal lymphomas, and liver metastases were examined from 31-day-old birds. Conditioned media from the c-myc-overexpressing DT40, S13, and BK25 ALV bursal lymphoma cell lines (Bowers et al., 1996) increased HMVEC proliferation more than ®vefold relative to nonconditioned media, to levels higher than that obtained with factorrich EGM-MV media (Figure 4a ). The TF26 cell line was derived from HB1-infected bursal lymphocytes transformed in vitro by infection with reticuloendotheliosis virus (REV) carrying a v-rel oncogene (Neiman et al., 1991) . Media from these v-myc overexpressing cells also strongly stimulated endothelial proliferation (Figure 4a) . Similar results were obtained in assays using bovine adrenal capillary endothelium (data not shown). The ®nding that media from these four independently derived B cell lines stimulates endothelial proliferation is consistent with the idea that myc overexpression induces secretion of endothelial growth activity.
We then directly tested whether myc overexpression increases secretion of the proliferative activity, using avian B cell lines that were generated by in vitro REV transformation of splenic B lymphocytes (Lewis et al., 1981) . Conditioned media from these cell lines derived from embryos (E3) or hatched birds (4W11, 1W41) showed low activity in the proliferation assay ( Figure  4b ) while Western blotting demonstrated that these cells express very low c-myc levels (data not shown). Figure 4 Myc overexpression induces secretion of endothelial growth activity from B cells. HMVEC were cultured in EGM-MV media (Clonetics Corporation) and 5th passage cells were seeded at 10 000 cells per well in 24 well plates. The next day cells were incubated in 1 ml conditioned media for 3 days, followed by two saline rinses and measurement of DNA content (as an estimate of cell number) by CyQuant DNA dye staining (Molecular Probes, Inc.) and¯uorimetry. Conditioned media was collected from B cell lines by seeding cells in DME with 4% chicken serum and 6% calf serum at 0.6610 6 cells/ml for 3 days of culture, followed by centrifugation, and passage through 0.45 mm ®lters. (a) Fold increase in HMVEC number with growth in conditioned media from ALV bursal lymphoma cells (DT40, S13, or BK25), HB1-infected bursal cells (TF26), or factor-rich media (EGM-MV) is expressed relative to nonconditioned B cell media (NC: DME with 4% chicken serum and 6% calf serum), and is the average of triplicate samples from a representative experiment. (b) Fold increase in HMVEC number with conditioned media from 4W11, E3, 1W41, or HB1 v-myc virus-infected (E3+myc, 1W41+myc) cells, relative to nonconditioned media. Standard errors are indicated for all samples, although they are not visible in samples with small variances This allowed us to directly test whether myc overexpression induces secretion of the proliferative activity, by infection of these cells with HB1 v-myc virus. E3 and 1W41 cells were co-cultivated overnight with HB1-producing ®broblasts, followed by 2 days culture with¯ask transfers to remove residual ®bro-blasts. About half of these lymphocytes showed high vmyc expression by immunocytochemical staining with myc antisera (data not shown). Conditioned media collected from these HB1 virus-infected E3 and 1W41 cells (E3+myc, 1W41+myc) increased HMVEC proliferation to levels nearly as high as media from DT40 lymphoma cells (Figure 4b ), and this increase was statistically signi®cant in both cases by paired t-test analysis (n=3, P50.025). Media from puri®ed HB1-infected cells isolated by soft agar cloning similarly increased endothelial proliferation (data not shown). All of these cell lines grew at similar rates with high viability (data not shown), so that the observed eects on endothelial proliferation are not due to myc-induced stimulation of B cell growth or apoptosis. These ®ndings demonstrate that myc overexpression induces secretion of a factor or factors from B cells, which promotes the growth of vascular endothelium.
Taken together, these studies consistently demonstrated angiogenic changes resulting from c-myc or vmyc overexpression in early transformed bursal follicles in vivo, that continued through the formation of metastatic lymphomas. This angiogenic phenotype appears to be a direct consequence of myc overexpression from these B cells, as endothelial growth activity is also induced by ectopic myc overexpression in B cell lines in vitro. This does not appear to be due to a response to hypoxic conditions, as abnormal vessels arise in vivo when ablated follicles are only partially repopulated with v-myc-overexpressing cells, and when these transformed follicles are richly vascularized and of the same small size as normal follicles. This initial reorganization and expansion of the vascular bed may be important to support the rapid growth of myc-transformed follicles. These abnormal vessels, which show signs of microhemorrhages by MGP staining (Figure 1a ), which could also facilitate the dissemination of myc-overexpressing cells, and rapid establishment of extrafollicular lymphomas and metastases observed in these models. These studies indicate that angiogenic changes are an initial component of tumor formation from a clonally expanding myc-overexpressing progenitor, in contrast to the later angiogenic switch or hypoxia-induced angiogenesis observed in other tumor models (Hanahan and Folkman, 1996; Holash et al., 1999) . Further studies will distinguish whether these early angiogenic changes are required for the growth of transformed follicles, or if this neovascularization is not essential until later stage tumorigenesis.
The c-myc gene activates or represses the activity of a number of target genes (reviewed by Grandori and Eisenman, 1997), which could mediate the rapid angiogenic phenotype of myc-overexpressing B cells. One candidate is thrombospondin-1 (tsp-1), a strong inhibitor of angiogenesis, which is down-regulated by myc overexpression in ®broblasts (Tikhonenko et al., 1996) . However, we have found that tsp-1 is not expressed at detectable levels in normal or transformed bursal lymphocytes, while it is readily detected in ®broblasts (data not shown). This suggests that there may be at least two cell type-speci®c mechanisms by which myc can induce angiogenesis. It is also possible that myc overexpression alters production of several angiogenic or anti-angiogenic factors indirectly, as a consequence of its eects on myc target genes. For example, proliferating keratinocytes overexpressing myc show increased secretion of vascular endothelial growth factor in vitro, and increased angiogenesis in adjacent dermis in vivo (Pelengaris et al., 1999) , although this endothelial growth factor is not known to be a direct myc target gene. Increased c-myc expression also increases protein synthesis and cell size in murine B cells (Iritani and Eisenman, 1999) , consistent with the observed increase in MGP staining of ribosomes in avian myc-transformed follicles, suggesting that global eects of myc on cell metabolism could also potentially contribute to this angiogenic signal. Further studies should identify the direct or indirect myc target genes involved in angiogenic signaling from B cells and other cell types, for comparison with those induced by other transforming oncogenes such as ras or jun (Kerbel et al., 1998; Kraemer et al., 1999) .
Increased myc expression is a common feature of human cancers including prostate, breast, and colon cancer, and Burkitt's and AIDS-associated lymphomas, which correlates with increased aggressiveness of these cancers (Nesbit et al., 1999) . These associations are thought to re¯ect the oncogenic eects of myc to promote proliferation and/or prevent dierentiation (Henriksson and Luscher, 1996) . However, our identi®cation of myc-induced angiogenesis at initial stages of tumor formation suggests that this function could also make an important contribution in human cancers involving c-myc overexpression. In support of this idea, Burkitt's lymphomas show increased vascularization relative to benign lymphadenopathies . Moreover, Burkitt's lymphoma cell lines can produce several angiogenic factors , although it is not yet known whether this is due to myc gene overexpression or Epstein ± Barr virus transformation. Analysis of lymphomas and other tumors will determine whether myc-induced angiogenesis also contributes to tumor growth and metastasis in humans, as a basis for anti-angiogenic therapeutic intervention for cancers involving c-myc gene deregulation.
